Reverse transcription of mRNA is thought to be an important first step in a model that explains certain evolutionary changes within genes, such as the loss of introns or RNA editing sites. In this model, reverse transcription of mRNA produces cDNA molecules that replace part of the parental gene by homologous recombination. In vivo evidence of reverse transcription of physiologically relevant mRNAs is generally lacking, however, except in genetically engineered cells. Here, we provide in vivo evidence for reverse transcription of the chloroplast psbA mRNA in two naturally occurring species of Chlamydomonas (raudensis and subcaudata) that is based on the presence of spliced cDNAs in both organisms. The psbA cDNAs, which lack the group II intron of the genomic gene, are nearly full length, and the majority of themthough not all-are in the form of RNA-cDNA hybrids. Moreover, the presence in these species of psbA cDNAs is correlated with the loss of an early group I intron from the same psbA gene. The group II intron that interrupts psbA in C. raudensis and C. subcaudata potentially encodes a protein with a reverse transcriptase domain, and the C. raudensis protein was shown to have reverse transcriptase activity in vitro. These results provide strong evidence for reverse transcription of a physiologically important mRNA (psbA) in two species of Chlamydomonas that have also lost an intron from the same gene, possibly through recombination with the cDNA.
Introduction
Evolutionary intron loss occurs in essentially all organisms that have split genes, and it happens with all of the major intron types (Dujon 1989; Lambowitz and Zimmerly 2010; Csuros et al. 2011) . In fact, excessive intron loss could be responsible for the low number of introns in organisms like yeast or prokaryotes. The mechanisms underlying intron loss are largely unknown, but a cDNA-mediated model, whose feasibility was indicated by genetic studies in yeast (Dujon 1989; Derr and Strathern 1993) , has been the most widely suggested (Mourier and Jeffares 2003; Niu et al. 2005; Coulombe-Huntington and Majewski 2007; Zhang et al. 2010 ). In that model, reverse transcription of mature (spliced) mRNA produces intron-minus cDNA, which recombines with the genomic gene by homologous recombination (supplementary fig. S1 , Supplementary Material online).
A cDNA-based model also has been invoked to explain losses of RNA editing sites in mitochondrial and chloroplast genes during evolution (Hao et al. 2010; Krause 2011) . In those cases, reverse transcription of the mature edited mRNA produces a cDNA that differs from the genomic gene at the editing sites. Recombination of the "edited" cDNA with the corresponding gene converts the genomic sequence from one that requires editing (of the RNA) to one that does not.
Evolutionary evidence supporting the cDNA model for intron loss has come from comparative genomic studies. In unicellular eukaryotes, there is a positional bias of introns toward the 5 0 -end of nuclear genes, which is consistent with reverse transcription beginning at the 3 0 -end of mRNAs and terminating before reaching the 5 0 -end. Although higher eukaryotes do not display the same intron bias (Mourier and Jeffares 2003) , losses of multiple adjacent introns in these organisms are consistent with a cDNA model (Niu et al. 2005; Coulombe-Huntington and Majewski 2007; Zhang et al. 2010) . Moreover, there is a correlation in mammals between genes that have lost introns and those that have spawned intronless pseudogenes; the pseudogenes are believed to be derived from intron-minus cDNAs that integrated into the genome by nonhomologous recombination (Zhu and Niu 2013) . Finally, it has been suggested that the reverse transcriptases that would have been required to produce the requisite cDNAs may have been associated with retrotransposons (Mourier 2005) .
Evolutionary shifts in the intron architecture of organellar genes is an evident aspect of green algal genomics-of particular note is the change in intron-type dominance from group I to group II, which occurred during the evolution of the green algal ancestors of land plants (Turmel et al. 2002; Brouard et al. 2010) . Chlamydomonas spp. are an exceptionally useful group of green algae for examining intron dynamics in an evolutionary context, as there is a well-studied archetype in Chlamydomonas reinhardtii (Herrin et al. 1998; Holloway et al. 1999; Odom et al. 2001; Kim et al. 2005) , and established phylogenetic relationships with a number of other species (e.g., Pröschold et al. 2001) . Here, we report on an examination of chloroplast introns in a cohort of cold-tolerant Chlamydomonas spp. for which the initial goal was to compare them with the introns found in C. reinhardtii. The chloroplast genome of C. reinhardtii has five group I introns ( fig. 1 ), four in psbA (Cr.psbA1-A4) and one in the large rRNA gene (Cr.LSU) (Herrin et al. 1998; Holloway et al. 1999; Maul et al. 2002) . The Cr.psbA4 intron is evolutionarily ancient within the Chlamydomonas lineage (Holloway et al. 1999) ; in fact, its presence in Chlamydomonas moewusii (Turmel et al. 1989) indicates that it was in the last common ancestor of nearly all Chlamydomonads, including the species examined here (Pröschold et al. 2001; Pocock et al. 2004) . When the other C. reinhardtii introns were acquired is not known, but these locations are hot spots for group I introns (Turmel et al. 1993; Herrin et al. 1998; Brouard et al. 2010) . Because these locations are also highly conserved, the presence or absence of these introns (or new insertions) could be determined by amplifying the DNA between exonic primers, which ultimately lead to the work reported here.
Results
Remarkable Variation in psbA Introns Relative to those of C. reinhardtii
The Chlamydomonas spp. (and strains) used in this study are listed in table 1, and a phylogenetic tree based on 18S rRNA sequences (Pröschold et al. 2001; Pocock et al. 2004 ) is shown in figure 1A . The tree includes representative members of each of the clades of the clockwise displaced basal bodies group of the Chlorophyceae sensu Pröschold et al. (2001) , which encompassed the Chlamydomonas spp. The neighbor-joining tree, like the previously published phylograms (Pröschold et al. 2001; Pocock et al. 2004) , indicates that the last common ancestor of C. moewusii and C. reinhardtii is basal to the other Chlamydomonas spp., thus confirming the ancestral nature of the Cr.psbA4 intron.
Maps of the C. reinhardtii introns and of the corresponding locations in psbA and 23S rRNA for the new species are presented in figure 1B . In Chlamydomonas augustae and Chlamydomonas nivilas, orthologs of the ancient Cr.psbA4 intron were found based on their identical locations and similar core sequences (supplementary fig. S2 , Supplementary Material online). However, in both species, the intron is reduced in size mostly due to changes in the intron-encoded endonuclease (Kim et al. 2005) . The endonuclease open reading frame (ORF) has degenerated in C. augustae and has been completely lost from C. nivalis. Degeneration and/or loss of such ORFs is common for group I introns (Haugen et al. 2005) . Chlamydomonas augustae also has a Cr.psbA3 ortholog with an intact GIY-YIG endonuclease ( fig. 1 and supplementary fig. S3 , Supplementary Material online), and C. nivalis has a Cr.LSU ortholog that lacks the endonuclease ORF ( fig. 1 and  supplementary fig. S4, Supplementary Material online) . Most remarkable, however, is the situation in Chlamydomonas subcaudata and Chlamydomonas raudensis, where the Cr.psbA4 ortholog is missing completely, and a group II intron, distinct for each species (Odom et al. 2004; Odom and Herrin 2010) , is the only intron in psbA ( fig. 1 ). It is also noteworthy that the only group I intron at these locations in either C. raudensis or C. subcaudata is the homolog of Cr.LSU in subcaudata that has an intact endonuclease ORF ( fig. 1 and supplementary  fig. S4 , Supplementary Material online).
Detecting cDNA Molecules Derived from psbA mRNA in C. raudensis and C. subcaudata
The polymerase chain reaction (PCR) amplification of psbA also yielded a minor product with C. raudensis and C. subcaudata that proved to be intron-minus psbA (In À in fig. 2 ; supplementary fig. S5 , Supplementary Material online); this product was not obtained with the other species ( fig. 2A) . A product that migrated close to intron-minus was obtained for C. nivalis with the 561/100 primer set ( fig. 2A ), but sequencing showed that it contained the intron (not shown); moreover, the 176/100 primer set did not give a product similar to intron-minus with C. nivalis ( fig. 2A ). In conclusion, an intron-minus psbA template, which was otherwise identical to the intron-plus gene, was only present in C. raudensis and C. subcaudata.
The nature of the intron-minus psbA sequence was investigated further. Digestion of total nucleic acids (TNA) from both species with DNase or RNase revealed that intron-minus psbA was removed only by DNase ( fig. 2B ), thus confirming that the template was DNA and not mRNA. To determine whether intron-minus psbA was genomic or extragenomic, the TNA preparations were separated on agarose gels into five size fractions ( fig. 2C, lanes rotated 90 ). On these gels, the genomic DNA (gDNA) migrated as 25 kb and the RNA migrated between the 2-and 0.2-kb size markers. In the PCR analysis ( fig. 2C ), only the intron-minus psbA was detected in the 2-0.7 kb fraction, whereas only intron-plus psbA was detected in the fractions >5 kb. This result indicated that intron-minus psbA DNA was extragenomic and could therefore represent cDNA copies of the mRNA.
To determine whether the posited psbA cDNAs were composed of single-stranded DNA, double-stranded DNA, or RNA-DNA hybrids, their sensitivity to S1 nuclease and RNase H was examined. S1 degrades single-stranded nucleic acids, whereas RNase H degrades RNA that is base-paired to DNA (Mishra 2002) . Digestion with either enzyme alone had no effect, but digestion with both enzymes resulted in a dramatic decrease in the intron-minus psbA (fig. 2D) ; the intron-plus gene remained unaffected. The straightforward interpretation of these results is that the intron-minus cDNAs are mostly in the form of RNA-DNA hybrids but some are paired DNA strands. As the first product of reverse transcription is an RNA-cDNA duplex, the hybrids could represent the primary products of reverse transcription of (2001), which encompassed the Chlamydomonas spp. The neighbor-joining tree was rooted using the indicated outgroup (Pocock et al. 2004) , and the boostrap values (in %) for nodes >50% are shown. An asterisk (*) indicates species whose psbA gene was examined in this study or previously. (B) Diagrams of the introns of C. reinhardtii (top) and the other four species of Chlamydomonas. The C. reinhardtii introns are labeled according to accepted convention. The numbers below the exons refer to the C. reinhardtii nt and their equivalent (in the other species); only a small portion of LSU is shown. The group I intron ORFs are labeled by the homing endonuclease motif. The ORF in the C. augustae homolog of Cr.psbA4 has degenerated, but much of the sequence remains. The PCR primers used in figure 2 are also indicated above the diagrams.
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Gene expression declines in older cultures of C. reinhardtii, and with continued nutrient limitation, the cells dispense with most of their ribosomes and rRNAs (Martin et al. 1976 ). Although it is not known whether this is a phylogenetically conserved response, long-term cultures of C. subcaudata seemed to follow a similar pattern, losing most of their RNA by day 79 ( fig. 2E , left panel). Moreover, there was a corresponding loss of intron-minus, but not intron-plus, psbA ( fig. 2E , right panel). The apparent dispensability of intronminus psbA is consistent with its identification as cDNA molecules. The retention of genomic psbA indicates that the culture was not in a state of total senescence.
Mapping the Ends of psbA cDNAs in C. raudensis and C. subcaudata
To analyze the psbA cDNA ends, we used the Rapid Amplification of cDNA Ends (RACE) technique, which was originally developed to obtain mRNA end sequences (Frohman and Martin 1989) , and omitted the reverse transcription step. The major 5 0 -end of (À) strand cDNA from C. raudensis mapped opposite an 8-nt stretch of thymidines immediately adjacent to the Stop codon ( fig (Bruick and Mayfield 1998) . PCR with primers based on the newly mapped termini confirmed the presence of (À) strand cDNAs in both species that spanned the psbA coding region ( fig. 3B) .
The 3 0 -ends of ( + ) strand cDNAs were more difficult to obtain, consistent with this strand being mostly RNA ( fig. 2D ). Nonetheless, a ( + ) strand 3 0 -end was obtained for C. raudensis that mapped 24 nt upstream of the Stop codon ( fig. 3A  and supplementary fig. S6 , Supplementary Material online). Comparing this endpoint to the 5 0 -end of the complementary (À) strand mapped above suggests these double-stranded cDNAs had 5 0 overhangs of 28-35 nt at their 3 0 terminus. It is also notable that this analysis did not provide evidence of an external or trans-acting primer for reverse transcription. Although multiple explanations are possible, this could mean that reverse transcription of psbA mRNA is self-primed or initiated de novo similar to the Mauriceville plasmid transcript (Wang and Lambowitz 1993) .
Reverse Transcriptase Activity of the Intron-Encoded ORF in C. raudensis
The RT-Mat-En ORF in the C. subcaudata and C. raudensis psbA introns was the most likely candidate for the reverse transcriptase (RT) activity; however, producing these proteins in an active form is notoriously difficult. Nevertheless, by fusing the C. raudensis ORF to the Escherichia coli maltosebinding protein (MBP), and developing conditions to maintain its solubility during purification, sufficient protein could be purified ( fig. 4A ) for a determination. The fusion protein catalyzed the incorporation of -32 P labeled dTMP in a standard RT assay with poly-rA/oligo-dT as template/primer ( fig. 4B ). The reaction was dependent on Mg 2 + and stimulated by monovalent salt (see Materials and Methods). We also fused the C. raudensis ORF to the E. coli trigger factor chaperone, which increased the amount of protein that was soluble, but the purified protein had about 30% lower RT activity than the MBP/RT-Mat-En fusion protein (Odom OW, Herrin DL, unpublished data) . These results support the hypothesis that the intron-encoded RT-containing proteins are the likely catalysts for psbA reverse transcription in vivo, at least for C. raudensis. It is also noteworthy that the C. raudensis RT-Mat-En polypeptide is the first chloroplast protein shown to have RT activity.
Discussion
Although reverse transcription has been widely implicated in nuclear (Mourier 2005) and organellar (Hao et al. 2010; Krause 2011 ) gene evolution, reports of in vivo cDNAs produced from physiologically and/or developmentally relevant mRNAs are extremely rare and, to our knowledge, restricted Cold tolerance was confirmed by growth at <10 C, whereas cold-requiring growth was indicated by a lack of growth >20 C.
Reverse Transcription of Spliced psbA mRNA in Chlamydomonas spp. . doi:10.1093/molbev/mst163 MBE to cells that were engineered to overexpress a RT (Dhellin et al. 1997 and references therein). The identification of near full-length psbA cDNAs in these naturally occurring Chlamydomonas probably has much to do with the fact that psbA is a very abundant mRNA (Herrin et al. 1986) , though there could be other contributing factors. In addition, we have shown that the psbA gene has lost the ortholog of the Cr.psbA4 intron specifically in the cDNA-producing species. Thus, the results also suggest that recombination between the psbA cDNAs and the psbA gene may have deleted the intron in both species. Because we examined only four new species, this may prove to be a widespread phenomenon in Chlamydomonads. If our hypothesis for the mechanism that removed the Cr.psbA4 ortholog in C. raudensis and C. subcaudata is correct, that raises another question: Why does the group II intron in psbA persist? There are at least two possible explanations. The first is that the group II intron in both species is mobile and invades any intron-minus psbA gene copies that arise (Lambowitz and Zimmerly 2010) . At present, we do not know whether these introns are capable of homing or not. Although we did not detect any intron-plus DNA in the   FIG. 2 . Detecting intron-minus psbA cDNA in Chlamydomonas subcaudata and raudensis. (A) Products of PCR with the indicated species (Cn, C. nivalis; Ca, C. augustae; Cra, C. raudensis; Cs, C. subcaudata; Cr, C. reinhardtii) and two sets (left and right panels) of psbA primers ( fig. 1 ). The last lane in each gel (-) was a control reaction without genomic DNA. For all of these gels, the ethidium fluorescence images were inverted. (B) Effect of RNase and DNase on intron-minus (In À ) psbA. TNA (left) and corresponding PCR products (right) were analyzed on agarose gels; the large (>3 kb) PCR products are from the intron-plus genomic gene, and the intron-minus product is indicated (In À ). The positions of size markers are indicated on the borders. (C) Fractionation of TNA in agarose gels and PCR of the size fractions. The positions of size markers are indicated on both gels, and the PCR primers and products are the same as in (B). (D) Effect of RNase H and S1 nuclease on intron-minus psbA. TNA was treated with RNase H and/or S1 nuclease as indicated, and then subjected to PCR with primers 561 and 734 (fig. 1) ; the position of the intron-minus cDNA is indicated (In À ). (E) Fate of intronminus psbA in a long-term culture of C. subcaudata. TNA was extracted from a culture of C. subcaudata that had been incubated for the indicated number of days. It was separated on an agarose gel (left panel) and subjected to PCR (right panel) with the same PCR primers as in (B, C).
cDNA-containing fraction-indicative of homing into the cDNA-the psbA cDNA molecules are probably poor targets for group II homing (Zhong and Lambowitz 2003) . The second explanation is that recombination between the cDNAs and gene could be strongly suppressed upstream of the introns, and recombination with both exons would be needed to remove the introns. In support of this idea, recombination within the psbA gene of C. reinhardtii is strongly biased, with efficient recombination occurring only near the 3 0 -end (Newman et al. 1992 ; Lee J, Odom OW, Herrin DL, unpublished data).
It is also important to recognize that the loss of the Cr.psbA4 orthologs in C. raudensis and C. subcaudata probably required the prior degeneration of their intron-encoded endo. Otherwise, the intron-minus psbA genes created by recombination with the cDNA would have been converted back to intron-plus by the mobile introns. The condition of the Cr.psbA4 orthologs in C. augustae and C. nivalis confirms that degeneration of this intron's homing endonuclease occurs over evolutionary time in certain lineages. It is also instructive that these orthologs exhibit different stages of ORF degeneration. The ORF in C. augustae has only accumulated stop codons, whereas the C. nivalis ORF has been lost completely. Exactly why intron-encoded homing endonucleases degenerate in some lineages, but not in others, is unknown.
The most likely RT that reverse-transcribes psbA mRNA in vivo in both C. raudensis and C. subcaudata is the RT-Mat-En protein encoded by the resident group II intron, and we showed that the C. raudensis protein does have RT activity.
We do not know whether the C. subcaudata RT-Mat-En protein has RT activity, because we have not yet obtained it in a soluble purified form. The C. raudensis protein was not trivial to produce in E. coli or purify, as it tended to precipitate during both processes. The C. subcaudata protein may have the additional complication that its activity and/or expression may depend on the product of the intron's second ORF (ORF 2); hence, further work will be necessary to sort out the C. subcaudata protein(s).
As the cDNA end analysis did not provide evidence of an exogenous primer for reverse transcription of psbA mRNA (in either species), it seems likely that it is either primed by the mRNA itself (self-primed) or that it is initiated de novo similar to the mitochondrial RT studied by Wang and Lambowitz (1993) . The preponderance of the psbA cDNA in both species is in the form of RNA-cDNA hybrids, which indicates that second-strand synthesis limits the production of doublestranded cDNA in vivo. Whether this also limits recombination and intron loss is difficult to say; the RNA strand of the hybrids would not be expected to recombine with any efficiency, but the DNA strand could presumably still recombine.
In the complete model for group II retrohoming, the intron-encoded protein reverse-transcribes the intron RNA after it reverse-splices into the top strand of the DNA (Lambowitz and Zimmerly 2010) , and there is no provision for reverse transcription of the mRNA. However, there is genetic evidence from yeast mitochondria for reverse transcription of mRNA by a group II intron protein (reviewed in Dujon 1989) . Thus, why is mRNA reverse-transcribed in both chloroplasts and mitochondria even though it promotes intron loss instead of intron retention? We suggest that there is a competitive advantage potentially associated with reverse transcription of the mRNA. And that advantage lies in the cDNA-mediated removal of coresident introns that could negatively impact the intron in question through unfavorable intron-intron interactions (e.g., Petersen et al. 2011 ). This idea might become more compelling if evidence was obtained indicating that the C. raudensis RT-Mat-En protein prefers the 3 0 -end of psbA mRNA over others for reverse transcription.
Support for the notion that group II introns with an active RT remove group I introns from plastid DNA is evident in the green algal chloroplast genomes sequenced to date. Many of these genomes have multiple group I introns (unlike land plant genomes), and those that do either lack group II introns or their group II introns do not encode an intact RT (Turmel et al. 2008; ). In this regard, it would be interesting to obtain whole chloroplast genome sequences for both C. raudensis and C. subcaudata.
Finally, although our initial motivation for this study was to investigate the adaptation of group I introns to cold, we do not know whether these findings, which concern mainly reverse transcription and intron loss, have anything to do with cold environments. It is apparent, however, that the psbA gene in Chlamydomonas spp. offers an excellent opportunity to study evolutionary remodeling of intronic architecture in a physiologically important gene. Furthermore, psbA evolution in Chlamydomonas spp. could serve as a model for understanding the shift in intron dominance from group I to group II that occurred during chloroplast evolution in charophytes (Turmel et al. 2002) .
Materials and Methods

Algae Growth, Extraction of TNA, and Enzymatic Treatments
The Chlamydomonas species (and strains) used in this study are listed in table 1. Protocols for their growth and extraction of TNA were as described previously (Odom et al. 2004, Odom and Herrin 2010) . For the size fractionation, TNA preparations were separated on 0.6% agarose/ethidium bromide gels alongside DNA size markers (1 kb-Plus Ladder, Fermentas), and individual bands or size fractions were recovered by electroelution, phenol/chloroform extraction, and ethanol precipitation.
For the RNase treatment, 5 mg of TNA was digested with 6 mg of RNase A in 5 ml of 10 mM Tris-HCl pH 8, 0.1 mM ethylenediaminetetraacetic acid (EDTA) (0.1Â TE) for 3 h at 37 C. For the DNase digestion, 10 mg of TNA was treated with 2 Units of Turbo DNase (Ambion) in 50 ml of Turbo DNase buffer for 30 min at 37 C. For the RNase H and S1 nuclease treatments, 2.5 mg of TNA was treated with 0.5 Unit of RNase H (NEB) in 5 ml of RNase H buffer for 20 min at 37 C. Then, 2.5 Units of S1 nuclease (Promega) and 25 ml of S1 buffer were added and incubation continued for 1 h at 37 C. Parallel samples of TNA were treated with RNase H or S1 nuclease alone, or left untreated (as a control), and all samples were extracted with phenol/chloroform. After ethanol precipitation and resuspension in 20 ml of 0.1Â TE, an aliquot (1 ml) was used for each PCR test.
Amplification of the psbA and LSU (23S) rrn Gene Regions
The 3 0 region of the LSU rrn gene that contains the Cr.LSU intron was amplified, from all species, using the C. reinhardtii primers (oligos 14 and 15) as described previously (Thompson and Herrin 1994) . The psbA gene, between oligos 561 and 100 (see fig. 1 ), was also amplified from all species using the previously described protocol with the C. reinhardtii primers (Odom and Herrin 2010) . Oligo 561, which was the forward primer, corresponds to nt 71-96 (in exon 1) of the psbA coding region of C. reinhardtii, and the reverse primer (oligo 100) encompassed nt 809-834 of the spliced psbA sequence (which is in exon 5 of the C. reinhardtii gene) (Odom et al. 2001) . In some experiments, the forward psbA primer was oligo 176, which is complementary to a sequence in exon 3 of the C. reinhardtii gene (ig. 1) (Odom et al. 2001) . The PCR products were separated using agarose/ethidium gels, and the DNA bands were purified by electroelution and sequenced on both strands by primer walking (at the University of Texas at Austin DNA Facility).
To obtain the ends of the psbA gene in C. raudensis and C. subcaudata, we used a modification of RACE (Frohman and Martin 1989) . About 5 ng of the gel-purified genomic DNA band (>20 kb) from C. raudensis and C. subcaudata was digested with 0.4 Units of BanI (which was selected based on the cutting frequency of chloroplast DNA) or KpnI in 10 ml for 4.5 h at 37 C. The restricted DNAs were 3 0 -tailed with dATP and terminal transferase (NEB) for 5 min at 37 C and then purified using a kit (Qiagen), after inactivating the enzyme at 70 C (10 min). For the PCR, the tail-specific RACE primers Q T , Q 0 , and Q 1 (Frohman and Martin 1989) and either forward or reverse psbA primers (supplementary table S1, Supplementary Material online) were used. To amplify the 5 0 -end (and flank) of the psbA gene, the first PCR used 1 pmol Q T , 12.5 pmol Q 0 , and 12.5 pmol of the genespecific reverse primer, either 740 for C. raudensis or 741 for C. subcaudata (supplementary table S1, Supplementary Material online). To amplify the 3 0 flank, the first PCR used the tailspecific primers plus forward primer 738. For the second set of PCR reactions, 0.2 ml of the first PCR reaction was the template, and the primers were the tail primer Q 1 and a nested gene-specific primer, either 623 (for the 5 0 -end) or 742 (for the 3 0 region) (supplementary table S1, Supplementary Material online). The products of the reactions were gel-purified and sequenced.
Amplification of the Ends of the In Vivo-produced cDNAs from C. raudensis and C. subcaudata
The overall strategy to obtain the 5 0 -and 3 0 -ends of the (À) strand cDNA and the 3 0 -end of the ( + ) strand cDNA also relied on a procedure similar to RACE, except the reverse transcription step was omitted. To map the 3 0 -ends of the (À) and ( + ) strands, the cDNA was dA-tailed directly, but to map the 5 0 -end of the (À) strand cDNA, single-sided PCR was used to amplify the complementary strand's 3 0 -end, which was then dA-tailed. After tailing, nested PCR was performed with a tail primer and successive gene-specific primers, and the products were gel-purified and sequenced (supplementary fig. S6 , Supplementary Material online). To implement the strategy, the size fraction from an agarose gel containing the cDNA ( fig. 2C ) was used for tailing with dATP and terminal transferase (under conditions recommended by NEB) or subjected to 20 cycles of single-sided PCR with forward primer 561 ( fig. 1 ) and then tailed similarly. The transferase was heat-inactivated (10 min at 70 C), and the DNAs were purified with a Qiagen kit.
To amplify the 3 0 -end of the ( + ) strand cDNA and the 3 0 -end of the complementary strand produced by single-sided PCR (to reveal the 5 0 -end of the (À) strand cDNA), the first PCR was with the tail-specific primer, 735, and a gene-specific forward primer, either 737 or 746 for C. raudensis or 736 or 746 for C. subcaudata (supplementary table S1, Supplementary Material online). An annealing temperature of 50 C (2 min) was used in the first cycle to enable pairing of the (T) 17 portion of the tail primer to the dA-tail, but in subsequent cycles, 60 C was used as the annealing temperature. For the second (nested) PCR, an aliquot (0.2 ml per test) of the first reaction plus the tail primer, 735, and the nested forward primer, 738, were used. PCR with 738 and a reverse primer that annealed near the end of the coding region (734) created a size marker for the gel; near full-length cDNAs were expected to be larger than this product. The DNA products were gel-purified and sequenced using the gene-specific primers.
To amplify the 3 0 -end of the (À) strand cDNA, the first PCR reaction employed the tail primer (735) and the genespecific reverse primer 739. Annealing for the first cycle was at 50 C (2 min) and for the subsequent 34 cycles was at 60 C. For the second PCR, 0.2 ml of the first reaction was used (per test) together with the tail primer (735) and a nested genespecific reverse primer, either 740 for C. raudensis or 741 for C. subcaudata. PCR with forward primer 561 and the appropriate reverse primer created size markers that helped us select DNA gel bands for sequencing (as described above).
Expression in E. coli and Purification of the C. raudensis RT-Mat-En Polypeptide Fused to MBP Attempts to produce the RT-Mat-En proteins in E. coli without extra amino acids, with a His tag, and/or with co-overexpressed chaperones (Kim et al. 2005 ) yielded only insoluble protein. Many attempts to refold the proteins in vitro using a variety of published protocols also failed. However, expression of the C. raudensis protein as a C-terminal fusion to MBP enabled a small amount (1-2%) of the protein to remain soluble. To accomplish this, an Ase I-Hind III fragment containing all of the ORF, except for 7 nt at the 5 0 -end, was ligated to a Xmn I-Hind III fragment of pMAL-c2X (NEB) and an adapter that provided the Start codon. The adapter was blunt at the 5 0 -end and Ase I-compatible at the 3 0 -end and was formed by annealing 5 0 -ATGAATATAT-3 0 to 3 0 -TACTTA TATAAT-5 0 . The new plasmid, pCra-RT, was transformed into the Rosetta (DE3) pLysS/RARE strain of E. coli (Novagen). To express the fusion protein, the cells were grown in 250 ml of medium (37 C) that contained 10 g tryptone, 5 g yeast extract, 5 g NaCl per liter and was supplemented with glucose (0.2%), carbenicillin (500 mg/ml), and chloramphenicol (34 mg/ml). When the A 600 of the culture reached 0.325, the cells were pelleted by centrifugation and resuspended in fresh medium (250 ml). Then, IPTG was added to 0.3 mM to induce the protein, and the culture was shifted to 27 C. After 5 h, the cells were pelleted, washed with cold 10 mM Tris-HCl pH 7.4, 150 mM NaCl, and frozen at À70 C. To prepare the extract, the frozen cell pellet was resuspended in 10 ml of 20 mM Tris-HCl pH 7.4, 1 M NaCl, 0.2 mM EDTA (=1 M NaCl/buffer) plus 2 mM DTT, 1 mM PMSF, and 5 mg/ml leupeptin. Then, 0.01 vol of Triton X-100 (10%) was added and the cells were sonicated in 1-ml aliquots (on ice) using six 10-s pulses at 70% power. After centrifuging for 30 min in a microfuge (4 C), the supernatants were combined and treated with 0.5 mg/ml RNase A for 2 h on ice. Then, 10 ml amylose resin (NEB) in 1 M NaCl/buffer was added (in a 50-ml centrifuge tube), and binding occurred while the tube was rocked for 30 min at 4 C. After centrifugation for 5 min at 3,000 Â g , the resin was washed with cold 1 M NaCl/buffer (40 ml) and then three times (40 ml ea) with 1 M NaCl/buffer + 0.05% Triton X-100. The protein was eluted with four portions (1 ml ea) of 1 M NaCl/buffer, 0.05% Triton X-100, 1 mM DTT, 1 mM maltose, and rocking for 10 min (4 C), followed by centrifugation for 2 min in a microfuge (9,000 Â g). The eluates were combined into one tube, which was centrifuged for 40 min (4 C) at 100,000 Â g. The supernatant, which contained the purified protein, was snap-frozen in aliquots at À70 C. The purified protein was analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) ( fig. 4) , quantified by UV spectrophotometry in 6 M guanidine-HCl, and assayed for RT activity using poly(rA)-oligo(dT) 12-18 (GE Healthcare) as template-primer. The reaction (10 ml), which required Mg 2 + and was optimized for monovalent salt, contained 50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 7 mM DTT, 75 mM NaCl, 25 mM KCl, 100 mg/ml poly(rA)-oligo(dT) 12-18 , 0.33 mM [-32 P]dTTP (Perkin-Elmer/NEN), and 0.1 mg of the MBP/RT-Mat-En protein. Minus-template and minus-protein control reactions were always included, and DE-81 filters were used to estimate DNA synthesis. The filters were washed with 2Â SSC and 70% ethanol before counting in a scintillation counter.
Construction of the Phylogenetic Tree
For the phylogenetic tree, the 18S rRNA sequences were selected based on previous work (Pröschold et al. 2001; Pocock et al. 2004 ) and included the strains studied here (table 1). The DNA sequences were aligned using ClustalX (Thompson et al. 1997) , which also generated the neighborjoining (and bootstrapped) tree. The tree was viewed and printed using TreeViewß and then scanned and labeled with graphic software (Adobe Photoshop CS 5.1).
Supplementary Material
Supplementary figures S1-S6 and table S1 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
